Abstract
INTRODUCTION
As projects in the construction industry grow more complex, a wealth of information can be generated. Thus, interdisciplinary and systematic collaboration requires a considerable amount of communication and information transmission. Currently, the method for communicating information in design works has changed from paper-based drawings to three-dimensional (3D) Building Information Modeling (BIM), which enables efficient data management and quick decision-making. The BIM paradigm has been recognized as a potential catalyst for enhancing the productivity, efficiency, and collaboration of work in the construction industry.
At present, the construction industry has shifted from improving efficiency by reducing costs and project durations toward the issue of safety management (Kim & Park, 2011) . With the increasing demand for safety management, Information Technology (IT), including safety management quality control, has emerged as an efficient solution because it can support human decision-making and evaluation. Specifically, IT solutions allow contractors to determine whether design solutions correspond to and satisfy safety management quality requirements. In a previous study, Wix (Wix, 2008) reported that 85% of architects and engineers have a high interest in automated rule-based checking because they spend more than 50 hours reviewing design solution models to ensure that they meet the requirements dictated by a building's functional, aesthetic, engineering, and environmental criteria.
*openBIM: openBIM is a universal approach to the collaborative design, realization and operation of buildings based on open standards and workflows. openBIM is an initiative of buildingSMART and many leading software vendors using the open buildingSMART Data Model including IFC (buildingSMART International. 2015 ).
The quality of BIM models is influenced by both the designer's abilities and the tools chosen. Ultimately, the quality is reviewed with computerized tools because manual inspection is timeconsuming and laborious. Thus, automated quality inspection is necessary to minimize errors and reduce the time spent on manual inspection. Recently, automated BIM-based quality control has been applied as a project-design quality improvement tool for scientific methodologies (O. K., 2009; Smith, 2008) .
BIM is a rich and formal model that provides an ample number of possibilities for automated quality inspections; it can interpret and execute a variety of criteria ranging from client requirements to health codes, safety codes, and building design and construction regulations. The quality inspection process generally includes various phases according to the objectives and scope of a specific project. In general, the process is composed of four phases: rule interpretation, BIM model preparation, rule execution, and rule-checking reporting (Eastman, Lee, Jeong & Lee, 2009 ). Rulechecking tools such as the Solibri Model Checker™ (Solibri, 2015) , Tekla BIMSight™ (Tekla, 2014), EDMmodelServerLite™ (Jotne EPM Technology, 2009), and Navisworks™ (Autodesk Inc. 2015) are commonly employed for BIM-based quality control. The BIM model can be validated with automated rule-checking tools because it is an object-oriented database with many types of building data. These tools enable physical, logical, regulation, and visualization inspection so that the quality of a BIM model can be validated.
Safety management and issues
The goals of safety management are to control safety actions and procedures in the workplace and to establish safety management processes (Benjaoran, Bhokha, 2010) . In the construction industry, the main purpose of safety management is to prevent the occurrence of disasters on projects (e.g., accidents, injuries etc) and to control construction tasks by reducing construction times, wasted costs, and energy. Table 1 shows the general tasks associated with safety management in construction practice. These tasks include traditional and manual inspection activities. However, such processes are often time-consuming and laborious, and the approach depends on the practitioner's abilities and judgment. Therefore, computerized quality inspection is necessary to minimize human error and reduce inefficient time and effort spent on manual inspection. In this section, the use of BIM technology is suggested to resolve safety issues at each phase of construction. Safety accidents in the construction industry may be diverse and complex in nature, accounting for a large proportion of the economic impact of accidents when compared with other industries. Countries and organizations can benefit from minimizing losses related to disasters, In the design phase, BIM-based simulations can be used to evaluate safety and automatically check for adherence to regulations. Safety is ensured throughout the design phase via regular reviews of systems by safety professionals. BIM technology can be employed to address a range of issues in the design phase, including:
 Model-based pre-inspection of the safety of the environment  Automated system inspection for adherence to safety regulations  Facility and equipment safety plans associated with operation and maintenance  Fundamental safety management using safety assessment checklists Figure 1 shows an example of a simulated fire-escape inspection using BIM technology. The BIM model-inspection tool shows semi-transparent space objects, i.e., boundaries and openings such as doors and windows, as well as critical paths to the shortest escape routes. The specific safety alternatives needed to control risks at construction sites vary depending on the construction process and associated project complexity. Safety information in the construction field can be inconsistent, and it is difficult to keep up with complex and fluctuating requirements (East, 2012) . Some of the key safety issues during the construction stage are:
 Visually ensuring safety via 3D simulations  Education for workers and managers through the use of simulations  Minimization of construction errors and accidents Figure 2 shows an example of a safety inspection in the construction phase. In a workplace, ceiling heights and delivery routes are significant safety issues because freight-loaded trucks and objects at elevated height, including Mechanical, Electrical, and Plumbing (MEP) elements or beams, can collide. The 3D BIM-model simulations in Figure 2 
CASE STUDIES ON SAFETY MANAGEMENT
In this work, various cases associated with safety issues are reviewed. In particular, cases related to developing applications, making modeling guidelines, and analysing regulations and standards for Facility Management (FM) are examined.
Fire evacuation in skyscrapers
As buildings become larger and more complex, the process of reviewing every part of a building for conformance to regulations is growing increasingly more difficult. Automated evacuation-inspection systems are necessary for simulating a review of supertall buildings (skyscrapers), and BIM can be used for the identification of optimal evacuation egress (Kim, Cho & Choi, 2010) . Figure 3 shows the development and validation of an evacuation-simulation module in an integrated BIM-based quality inspection system called InSightBIM™ (Seo, Kim & Kim, 2012) . First, evacuation regulation and application criteria were analyzed for BIM modeling. The translated BIM model in Industry Foundation Class (IFC) format is reviewed using the quality inspection tool, which consists of three modules (analysis of egress options, analysis of emergency elevators, and analysis of evacuation safety zones). The analyzed results are ultimately output into XML format, allowing users to check for errors corresponding to the safety issues of egress, evacuation, and emergency elevators. Emergency elevators and evacuation safety zones can be checked automatically using the egress route module (the Application Programming Interface [API] ). This module operates according to the following process:
(1) Develop a module to check for egress routes using the Java™ programming language (2) Review the evacuation egress route, emergency elevator, and evacuation safety zone criteria using developed rule-sets Safety management is reviewed using InSightBIM™-FireEvacuation. The inspection results pertaining to the building's shortest egress route and emergency elevators are shown in Fig. 4(a) and (b), respectively. Through this work, the following goals can be achieved (Kim, Choi & Cho, 2013) :
(1) Attainment of efficient and accurate safety information (emergency/safety zone/evacuation egress routes) during the design phase (2) Planning for accurate safety management.
As an example, consider skyscrapers -these have many floors and spaces, where automated inspections would be very powerful in that these would allow for rapid and precise results to be obtained. In addition, both vertical and horizontal pathfinding for evacuation would be significant research topics for future projects.
COBie
The COBie is a data schema for exchanging BIM data in the facility management phase (Park, 2015) . The necessary information (e.g., materials and properties) are stored in spreadsheets. COBie makes it possible to assess safety management data through a review of a building's energy savings and efficient facility management. The outline of COBie is as follows:
(1) COBie is a data format for managing and using asset information in the facility management phase. (2) IFC data converted from BIM data is stored in spreadsheets so that it is easily accessible in the facility management phase (Lee, Yu & An, 2012). (3) COBie focuses on delivering building information rather than geometric modeling, and it is a subset of a BIM model. COBie can be used to document product data to support specification, selection, and replacement processes (Nisbet, 2014) . The COBie template contains 16 worksheets for information on contracts, the facility, floors, spaces, zones, components, systems, parts, resources, jobs, documents, attributes, coordinates, connections, and issues. In the facility management phase, the most active uses of COBie are:
(1) Building and maintaining energy-saving and energy-efficient facilities by converting COBie data into the ifcXML format via a data converter (2) Pre-maintenance of facilities and safety precautions through the efficient management of COBie data COBie's data collection method is based on process-oriented representation. Thus, the end user or manager does not have to wait until the end of a project to receive data. Data are inputted by experts working directly in the field or automatically by the BIM software. Both processes are efficient for collecting precise facility management data. Although COBie must be localized so that it can adapt to each country's construction environment, it can still reduce costs and time for facility management maintenance.
Automated safety inspection of construction models and schedules
According to regularly published safety studies, the number of employee injuries and deaths from falling increases every year in the United States. The objectives of one BIM-based safety research project was to analyze simplified rules and develop an automated detection and installation system (Zhang, Teizer, Lee, Eastman & Venugopal, 2013) . The authors classified the rules for fall protection into three parts: building objects, object attributes, and prevention systems, as shown in Figure 6 . Fig. 6 . Example of rule simplification for fall protection (green = building objects; orange = object attributes; red = prevention system).
The system can automatically install protective equipment for staircases, slab edges, and slab openings with different shapes and dimensions. Case study results A variety of methods and solutions for safety management in a computerized environment have been proposed in previous studies. As such, many of the customary practices performed informally during the construction process have been eliminated. Table 2 outlines the major aspects of previous research related to safety management. Each of the above-cited studies can be considered as cases for improving safety management based on their purpose-driven approaches. However, it can be difficult to determine the efficiency of BIM-based quality inspection from such research, and the tasks of collecting and identifying critical factors for safety management can be complex. Therefore, the purpose of this study is to use an issue-driven approach to determine the efficiency and usability of safety management quality-inspection processes and applications.
(1) To establish a public community center in response to urban sprawl around the Pangyo area (2) To create a green junction connecting a nature-friendly water system to nearby ecological infrastructures such as water-restoration facilities, waste-incinerating facilities, and energy facilities (3) To enhance quality of life by sharing a creative space for experiences, exhibitions, education, and so on.
The Ecology Learning Center is located at the Housing Development District No. 8 Vicinity Green Park in Pangyo. Urban programs proposed around the site address issues related to ecological infrastructure, ecology learning, youth, and culture. Thus, the project sought compatible programs that fit the urban context; this exhibition was suggested as one of those programs.
The building has an area of 1,892. , and a height of 19.88 m based on an average ground base level of +40.08; 35 parking lots are proposed for the site (see Table 3 ). 
Safety management in the design phase
In order to check for safety issues in building projects, two views were considered. The first was the viewpoint of the construction workers so as to address any possible safety issues during the construction phase. The purpose of safety inspections should be to prevent accidents during construction and reflect the BIM-based accident prevention recommendations from the design phase. The second view was that of the building's users after construction. These safety issues would relate to any potential disasters experienced during the building's use. Here, the purpose of the safety inspections was to minimize the potential harm to humans if accidents occurred. In particular, BIM enables preliminary reviews through its visualization and simulation tools because they contain a great deal of building information that can be used for safety management improvement alternatives. This section introduces critical safety management issues in the design phase; specific safety issues will be discussed later.
Issue -deficient elements
One safety issue in this case related to missing elements. Depending on the case, deficient elements could lead to serious safety problems such as falling or collapsing. This was especially critical during the construction process as well as for the structural safety of the building after construction. Using the Solibri Model Checker™, a missing stair slab was noted, which was subsequently revised in the model. In this case, each object must have the correct building attributes; otherwise, information can be lost due to errors in translation to other file formats. Therefore, the property of each building object must be validated before inspection.
Issue -falls
Falls often occur around floor and roof openings and can be a serious issue for humans working at these edges when they are exposed to the weather. A unique way of preventing falls of these types is to install temporary safeguards or railings around dangerous locations. BIM should be able to provide additional information regarding this issue. Figure 10 shows a floor opening that raises a safety issue, which BIM could prevent by recommending the addition of temporary railings around the opening. Although the authors revised the model manually after inspection, an API, which is capable of revising the BIM model automatically, could have generated precise architectural objects such as railings and fall protectors.
Issue -fire
Fires are one of the main safety issues for building users after the construction of a building is complete. In order to prevent the occurrence of a fire, sufficient information should be modelled and added into BIM. Such information includes firewall properties and fire zone data. Firewall properties should be composed of proper safety materials. Figure 11 shows a building with proper zones and firewall information identified as providing protection against fire accidents. In addition, fire escape traffic distances and fire zone area allocations are the biggest issues with regard to fire safety. The proper parameters for the above issues are mandated by building codes for fire security. This visualization information can be linked with real-time monitoring for safety management in later phases. 
Issue -health accident
Finally, to secure the safety of the MEP facilities, an inspection was performed to confirm that there was sufficient safety information (Figure 12 ). This information included data pertaining to hazards for building users, such as pipes pumping noxious materials into the building or water pipes passing near power lines. The existence of this information in BIM itself provides a way of preventing possible disasters through proper visualization. In the design phase, one of the most important quality inspection methods is 3D visualization, as illustrated in the above examples. Depending on the colours used to reflect the building's components, building users can be aware of safety zones as well as evacuation paths in advance.
Through BIM-based quality inspection in safety design, safety issues such as clashing elements and possible collisions, falls, fires, and health-related accidents were resolved.
Safety management in the construction phase
There are a certain number of hazard factors in the construction field. In this study, strategies to reduce the possibility of a disaster occurring during work were discussed. A decision was made to apply the visualization and simulation techniques featured in BIM. One of the efficient characteristics of BIM is its methods for simulating construction planning, fall protection, steel element prefabrication, and other aspects of construction in advance. Here, safety simulations with BIM-based quality inspection were performed in Navisworks™ and Digital Project™. The critical issues of safety management in the construction phase and all identified safety issues are presented in the discussion section.
Issue -excavation safety inspection
An excavation simulation was performed based on the total volume of earth from the BIM data and the efficiency ratio of machinery to time (Figure 13 ). The risks associated with actual construction compared with the construction planning schedule were mitigated through the use of BIM simulations in Navisworks™ based on the earthworks plans for the construction site's safety, and working environment needs. Risk control of the excavation was monitored based on the work schedules of two backhoe loaders (0.7 m3) and dump trucks. We present the results obtained in Navisworks™. This simulation used inputted work schedule information and made it visual, but a method for calculating the amount of excavated land based on the BIM model's land attributes should be researched in a later phase. 
Issue -steel fabrication check
To provide detailed information for steel fabrication, a 3D model was created in Digital Project™, and Numerical Control (NC)-code was extracted by unfolding for steel-pipe cutting. Figure 14 shows the steel fabrication process employed in this project. For the fabrication simulation, unfolding steel pipe was modelled in Digital Project™, and NC-code was extracted for Computer-Aided Manufacturing (CAM). Using the NC-code, the steel pipes were cropped safely in the factory. Based on the case illustrated below, an excavation simulation and prefabrication can minimize risks and accidents at construction sites. This type of modeling and inspection using BIM models can help improve safety during and after construction because excavation and steel welding are not always planned out in advance. 
Discussion
During the project, team members (including the authors) investigated and analyzed items required for safety management in the design and construction phases. A checklist was defined and quality inspection was performed using BIM tools such as Vasari™, the Solibri Model Checker™ (SMC), Navisworks™, and others. Shown in Table 4 are the team members' resolutions of the safety issues. Quality inspection and revised BIM models were executed using several rulechecking tools until the team members were satisfied with the levels of safety.
The team members were satisfied with the proposed methods because significant improvement were observed when compared to conventional strategies (based on manual inspections that depend on a practitioner's ability and judgment). The results indicate that traditional practices make it difficult to identify and control safety issues; most members currently participating in the project could not explore a computerized approach that continuously identified safety management issues and controlled decision-making via the proposed processes with the devised quality-inspection tools. As a result, it was found that the proposed process and its application can be more effective than current customs and practices in terms of improving safety management.
As highlighted in Table 4 , several safety management issues result "Partially satisfied" and must still be resolved. In terms of deficient element inspections, there can be no errors in the design, intent, and rationale for element objects. For example, a wall object should be placed such that it is connected to two floor objects in rule base, but if the wall has no structural problem, there can be no modeling error. This problem was encountered quite often during the case study. Therefore, various types of problems that are not design errors must be collected and classified in detail; this scenario arises due to the functional limitations of SMC. In the case of a fire safety inspection, secure firewalls and evacuation routes are important aspects of fire safety. Firewalls were checked for their material information, and spaces were checked to ensure that they had evacuation routes. Here, one of the main issues is determining the optimal distances and sufficient times for the building's users to be able to escape from anywhere in the building to safe places. Such an issue can be resolved by developing rule sets in the SMC and applying local codes.
In addition, the BIM model data obtained in this case study were translated into openBIM (IFC data format), and IFC data were used for data exchange between the BIM modeling and quality inspection tools. However, the problem of data loss from limited interoperability between application tools during the case study persisted. Therefore, as one of a number of alternative methods, detailed guidelines that can enhance data interoperability between application tools based on their various uses must be developed.
CONCULSION
This paper discussed the efficiency and usability of safety management through the application of a proposed quality inspection process. As a result of the case study, it was found that this proposed method can be used efficiently for safety management, which indicates that current customs and practices (following traditional and manual inspections) still make it difficult to carry out a preliminary safety management review.
However, when carrying out our proposed process, problems caused by data interoperability among the design and quality-inspection tools remained as critical obstacles to improving safety management in a computerized environment. The errors discovered during quality inspection are categorized into several types, including building element clash, building element overlap, and escape code. The results also indicate that the adoption of BIM has not yet reached a sufficiently high level to enable its practical use.
Quality control for safety management is very important in that it prevents possible disasters and accidents based on preliminary reviews. In particular, BIM provides rich and formal descriptions, which in turns allows for the possibility of automated quality inspection for improving safety management. The goal of BIM-based quality inspection for safety management was to identify the best ways of minimizing the dangers to humans and eliminating risk factors in the life cycles of buildings.
BIM-based quality control and inspection for safety management can be dependent not only on modeling methods and skills, but also on the performance and interface of applications. Further research will be conducted in this area so as to improve process efficiency (including data interoperability among applications, decision-making, etc.) in real projects and to develop BIMbased quality guidelines for safety management.
